Purpose: We investigated the feasibility of 3D hyperpolarized (HP) 129 Xe magnetic resonance (MR) imaging at an extremely low concentration of HP 129 Xe supplied from a continuous ‰ow-type hyperpolarizing (CF-HP) system and established a standard procedure for measuring regional lung ventilation of small animals, such as the mouse, as a baseline for further studies.
Introduction
The power of magnetic resonance (MR) imaging using hyperpolarized (HP) noble gas to evaluate lung function as well as morphology has been demonstrated since itsˆrst report by Albert and colleagues. Xe can be used as sources of HP noble gas for MR imaging, 3 He has been preferred for evaluating lung function [2] [3] [4] because of its capacity for higher polarization, which is achieved by a higher signal-to-noise ratio (SNR) than that of HP 129 Xe. Moreover, its lower solubility makes HP 3 He MR imaging safe and easily applicable to void lung space in humans, whereas a higher solubility of xenon is likely to bring about unfavorable anesthetic eŠects in subjects. 5, 6 Recently, investigation of HP 129 Xe has increased because of its attractive features and potential use as a unique agent; xenon's higher solubility allows its diŠusion from the lung alveolar airspace to capillary beds and transport throughout the body by blood circulation. Furthermore, 129 Xe shows a wide range of chemical shifts in MR spectroscopy (MRS) that re‰ect its environment and enable separate observation of the gas-and dissolvedphase nuclear MR (NMR) signals that correspond to the state of 129 Xe in the pulmonary airspace and tissue or blood. These unique characteristics of HP 129 Xe MR imaging and MRS underlie new meth- Fig. 1 . Illustration of the continuous ‰ow-type hyperpolarizing system (CF-HP) system. Xenon gas mixture was supplied to the masked mouse. Flow rate of xenon gas mixture was kept at a rate of 150 mL/min and oxygen gas at a rate of 20 mL/min. Because obstructive lung disease is highly heterogeneous, future methods for its diagnosis will require 3D coverage at su‹cient resolution to detect loci and functional abnormalities. However, 3D HP
129
Xe MR imaging of the mouse lung remains challenging. We consider our above-mentioned ndings useful for acquiring 3D images of mouse lung with high spatial resolution and for thoroughly evaluating regional lung ventilation. Therefore, our present study aims to investigate the feasibility of HP 129 Xe 3D MR imaging of the spontaneously breathing mouse and to establish a standardized procedure for measuring regional lung ventilation as a baseline for further studies.
Materials and Methods
Continuous-‰ow type production of HP 129 Xe Using a home-built CF-HP system ( Fig. 1) , we produced HP 129 Xe as previously described. 13 Briefly, we supplied a mixture of 3z xenon, 12z nitrogen, and 85z helium gases (Japan Air Gases Co.) to a cylindrical glass cell (Pyrex polarizing cell, 6-cm diameter, 10-cm length) placed in a fringê eld (about 12 mT) of a super-conducting NMR magnet (9.4 tesla) after the mixture was dehydrated and deoxidized by passage through sodium and potassium alloy (Nacalai Tesque Inc., Kyoto, Japan). All xenon gas used here were natural abundance ( 129 Xe gas magnetization in the lung. Under a constant supply of HP 129 Xe gas, 129 Xe gas in the slab is always exchanged for gases outside the slab with the constant of the pure gas exchange rate k. In addition, HP 129 Xe gas decays with the apparent relaxation rate constant of 1/T1*. was produced by the well-known spin-exchange optical pumping method. 1 We deposited a drop of rubidium into the glass cell, which we then heated at approximately 380 K by air blower (LEISTER Japan). Using laser diode arrays (FAP-DUO system, 795 nm; Coherent Inc., Japan,) at 90 W output power, we transferred the laser light to a circularly polarizing unit via a glassˆber, whichˆnally emitted the light into the polarizing cell. Monitoring its ‰ow rate with a ‰ow meter (Kusano Science Corp., Japan) at a constant rate of 150 mL/min, we continuously supplied the xenon-containing gas mixture to the glass cell and subsequently into subjects in an NMR probe.
Animal preparation
All animal experiments were approved by our Institutional Animal Care and Use Committee. We used a healthy male ddY mouse (38.5 g) to investigate the feasibility of HP 129 Xe 3D MR imaging and 2 healthy and 2 emphysematous male ddY mice (37.5-40.0 g) to evaluate regional lung ventilation, and the mice is the age of 8-10 weeks. The emphysematous mice received intraperitoneal injection of pentobarbital (40 mg/kg) and tracheal intubation before injection of elastase (150 mg/kg) into the airway.
Determination of HP 129
Xe 3D MR imaging We performed this experiment using an 9.4T system (INOVA 400WB, Varian, Inc.). We anesthetized a healthy male ddY mouse by intraperitoneal injection of pentobarbital (40 mg/kg) and masked it for spontaneous breathing of xenon gas mixture and oxygen. Constant body temperature was maintained by heating pad. First, we conducted 1 H 3D MR imaging of the mouse chest (total acquisition time, 14 min), using a non-slab-selective 3D gradient sequence to acquire the voxel. The parameters for 14 Then the slabselective excitation pulse was set to include the entire lung area (Fig. 2) . The parameters for 129 Xe MR imaging were: 1000-ms, Gaussian-shaped RF pulse; ‰ip angle 309 ; TR/TE 100 ms/1.2 ms; NEX 16; FOV 50×50×60 mm 3 ; matrix 32×32×32 (zero-ˆlled to 128×128×64). The 32-bit magnitude data were displayed in``gray'' and``red hot'' color maps using ImageJ software (Wayne Rasband, National Institutes of Health, USA), and we investigated the feasibility of HP 129 Xe 3D MR imaging in 3 directions-axial, coronal and sagittal.
Evaluation of regional lung ventilation
We constructed a compartment model (Fig. 3 ) and calculated a parameter for evaluating lung ventilation, t′ rep. Equations (1) and (2) represent M(t), the hyperpolarized magnetization in the lung:
where trep is the inverse of k, the constant of the pure gas exchange rate; T1* is the apparent longitudinal relaxation time of 129 Xe in the lung, aŠect-ed by not only longitudinal relaxation time T1 but also by relaxation time for gas exchange from and to dissolved phase. Mfresh is hyperpolarized magnetization produced by ‰ow of the fresh gases in the lung. Eq. (3) was reached from Eqs. (1) and (2):
A slab-selective 3D gradient sequence was used in the experiment. Signal intensity, S, was estimated by an equation based on fast low-angle shot (FLASH) sequence because transverse magnetization disappeared after signal acquisition, as shown in Eq. (4):
where A is a constant and a is a ‰ip angle. H MR imaging were shown in 3 directions-axial, coronal, and sagittal (Fig. 4) . HP 129 Xe MR images of the lung were successfully acquired in every direction with the CF-HP system without deˆcits from depolarization. However, we were unable to image the bronchus in the HP 129 Xe MR system using the diluted xenon gas.
We calculated the averaged t′ rep values in each pixel of the HP 129 Xe MR images by varying a in the 2 healthy and 2 emphysematous lungs. The averaged t′ rep values were 1.64±0.06 s (mean±standard deviation) for the healthy mice and 3.21±0.35 s for the emphysematous mice. The longer t′ rep value in the emphysematous lungs was accredited to their loss of lung ventilation. In fact, loss of lung ventilation is strongly suggested in the right emphysematous lung in the center slice of the t′ rep maps (Fig.  5) .
Discussion
Using the CF-HP system, we acquired HP 129 Xe MR images in every direction without compromised resolution from depolarization eŠect. We achieved high (1.88-mm) spatial resolution in partition direction using HP 129 Xe 3D MR imaging with the CF-HP system even with diluted xenon gas. In addition, no considerable change in physiological parameters was observed by saturation pulse oximetry in a mouse supplied with 3z xenon gas mixture and oxygen for 10 min under the same conditions: SpO2 ranged from 92-98z and heart rate, from 109-111 bpm. Thus, a low concentration of Xe gas (≦3z) has few anesthetic eŠects compared to those reported with high concentrations of Xe 6 . We estimated the regional lung ventilation using the HP 129 Xe 3D MR imaging. We calculated t′ rep to prepare the t′ rep map. The averaged t′ rep values were approximately 1.64 s in healthy mouse lungs and 3.21 s in emphysematous mouse lungs, i.e., about 100z increase in emphysematous mouse (pº0.05) which supported signiˆcant diŠerence in the regional lung ventilation between the healthy and emphysematous mouse. The averaged t′ rep values are also aŠected by longitudinal relaxation time T1 and relaxation time for the gas exchange from and to dissolved phase as shown in Eq. (2). T1* is, however, much longer than trep. sion, diŠusion, and ventilation. The 3D t′ rep map is expected to be useful for regional estimation of ventilation.
Errors in setting the ‰ip angle as well as ‰uctua-tions in ventilation rate may aŠect the t′ rep value. However, changes observed between the healthy and diseased mice were large, about 100z (pº 0.05), compared to the standard deviations in repeated measurements. This fact also supports the eŠectiveness of t′ rep as a parameter of the ventilation function of the lung.
Although traditional washin/washout dynamic study using HP Xe MR imaging oŠers lower anesthetic side eŠect, lower cost, and higher natural abundance so that HP 129 Xe MR imaging is expected to become a powerful tool for diagnosing pulmonary diseases in the continuous ‰ow mode. However, future work will require enhanced polarization for higher spatial resolution.
Conclusions
We acquired 3D HP 129 Xe MR images of mouse lung using a CF-HP system at low xenon concentration, investigated the feasibility of such imaging, and established a standardized procedure for measuring regional lung ventilation in small animals such as the mouse as a baseline for further studies.
Using the CF-HP system, we acquired HP 129 Xe MR images of the lung in every direction that were undiminished in resolution by depolarization eŠect. However, low spatial resolution in the slice prohibited imaging of the bronchus.
We were able to estimate regional ventilation of the mouse lung from any arbitrarily set slice. Thus, we succeeded in establishing a standard procedure for measuring regional lung ventilation as a baseline for further studies.
